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DEVICES , SYSTEMS , AND METHODS FOR tion signals at least in part by analyzing a Doppler shift in 
DETECTING GESTURES USING WIRELESS the wireless communication signals . 

COMMUNICATION SIGNALS Examples of methods are described herein . An example 
method includes receiving wireless communication signals 

CROSS - REFERENCE TO RELATED 5 from devices in an environment , detecting features in the 
APPLICATIONS wireless communication signals , identifying a gesture based , 

at least in part , on the features in the wireless communica 
This application is a Section 371 national stage entry of tion signals , and providing a control signal responsive to 

PCT Application No . PCT / US2014 / 032468 , filed Apr . 1 , identification of the gesture . 
2014 , which further claims the benefit of the filing date of 10 In some examples , the wireless communication signals 
U . S . Provisional Application No . 61 / 807 , 197 , filed Apr . 1 , may be OFDM signals . 
2013 and U . S . Provisional Application No . 61 / 925 , 105 , filed In some examples , detecting features in the wireless 
Jan . 8 , 2014 . These applications are incorporated by refer - communication signals comprises identifying a Doppler 
ence herein in their entirety and for all purposes . shift in the wireless communication signals . 

15 Examples of systems are described herein . An example 
TECHNICAL FIELD system may include a wireless communications device con 

figured to provide periodic beacon signals . In some 
Examples described herein relate to detection of environ examples the periodic beacon signals may be provided using 

mental changes , such as gestures . Examples are described an OFDM protocol . The system may include a router 
where wireless communication signals , such as Orthogonal 20 configured to receive the periodic beacon signals from the 
Frequency - Division Multiplexing ( OFDM ) signals , may be wireless communications device . The router may be in 
utilized to detect environmental changes such as gestures . communication with a memory storing a plurality of gesture 

signatures . The router may be configured to detect a gesture 
BACKGROUND based on a comparison of features in the periodic beacon 

25 signals from the wireless communications device and the 
As computing moves increasingly away from the desktop , gesture signatures . The router may further include a trans 

there is a growing need for new ways to interact with mitter configured to transmit a control signal responsive to 
computer interfaces . The Xbox Kinect is an example of a the gesture . The system may further include a controller 
commercially available input sensor that enables gesture - coupled to a power outlet and including a receiver config 
based interaction using an image sensor , depth sensing and 30 ured to receive the control signal . The controller may be 
computer vision . Gestures enable a whole new set of inter - configured to turn power on , off , or combinations thereof , 
action techniques for always - available computing embedded responsive to the control signal . 
in the environment . For example , using a swipe hand motion 
in - air , a user could control the music volume while show BRIEF DESCRIPTION OF THE DRAWINGS 
ering , or change the song playing on a music system 35 
installed in the living room while cooking , or turn up the FIG . 1 is a schematic illustration of a system arranged in 
thermostat while in bed . accordance with an embodiment of the present invention . 
However , the time and cost to deploy complex vision - FIG . 2 is a schematic illustration of example gestures 

based sensing devices may prohibit their adoption , and may which may be identified in accordance with examples of the 
make it impractical or impossible to deploy throughout an 40 present invention . 
entire home or building . FIG . 3 is a flowchart of an example method described 
Body - worn or attached sensors have been proposed to herein . 

reduce the need for vision - based sensors . However , these FIG . 4 is a flowchart of an example method described 
approaches may be limited by what a user is willing to herein . 
constantly wear or carry . 45 FIGS . 5A and 5B are plots of a Fast Fourier Transform 

( FFT ) of an OFDM signal and two OFDM signals , respec 
SUMMARY tively , in accordance with embodiments of the present 

invention . 
This summary is provided by way of example , and is not FIGS . 6a - i are example frequency - Doppler profiles of the 

intended to be limiting . 50 gestures shown in FIG . 2 . 
Examples of devices are described herein . An example FIG . 7 is a flowchart of an example method in accordance 

device may include a receiver configured to receive wireless with embodiments of the present invention . 
communication signals . The example device may include at FIG . 8 is a layout of an environment in which an example 
least one processing unit configured to identify features in system in accordance with the present invention is deployed . 
the wireless communication signals . The example device 55 FIG . 9 is a schematic illustration of example transmitter 
may include a memory accessible to the at least one pro - and receiver placements in accordance with embodiments of 
cessing unit and storing information regarding features in the present invention . 
wireless communication signals caused by gestures . The at 
least one processing unit may be further configured to DETAILED DESCRIPTION 
identify a gesture based on the identified features in the 60 
wireless communication signals . Examples described herein include devices , methods , and 

In some examples , the wireless communication signals systems that may identify environmental changes , such as 
include OFDM signals . In some examples , the wireless gestures , by analyzing wireless communication signals . 
communication signals include RSSI , phase information , or Accordingly , gestures may be recognized without the use of 
combinations thereof . 65 cameras or body - worn or carried devices . Examples 

In some examples , the at least one processing unit is described herein may utilize wireless communication sig 
configured to identify features in the wireless communica - nals ( e . g . WiFi signals ) to recognize gestures . Since wireless 
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communication signals generally do not require line - of - sight wireless communications signals . The device 110 may fur 
and can traverse through walls , gestures may be detected ther include one or more processing unit ( s ) 114 . The pro 
utilizing the sources of wireless communications signals that cessing unit ( s ) 114 may identify features in the wireless 
may already be present in an environment ( e . g . a WiFi AP communications signals received by the receiver 112 which 
and a few mobile devices in a living room ) . 5 features may be indicative of changes in the environment , 
Gestures may be recognized in accordance with examples such as gestures made by one or more entities in the 

described herein by analyzing features in wireless commu - environment . The processing unit ( s ) 114 may identify fea 
nications signals that occur in wireless communication sig - tures in the wireless communication signals , for example , by 
nals due to gestures made in the environment . The features analyzing a Doppler shift in the wireless communication 
in wireless communication signals may include , but are not 10 signals , multi - path distortions in the wireless communica 
limited to , Doppler shifts , multi - path distortions , or combi - tion signals , or combinations thereof . 
nations thereof . Devices in accordance with embodiments of the present 

Certain details are set forth below to provide a sufficient invention may generally identify gestures made by any 
understanding of embodiments of the invention . However , it entities in an environment . Entities may include , but are not 
will be clear to one skilled in the art that embodiments of the 15 limited to , humans ( including adults and children ) , animals 
invention may be practiced without various of these par - ( e . g . pets ) , or any other item that may make gestures in an 
ticular details . In some instances , well - known circuits , con environment ( e . g . robots or other machinery ) . Examples of 
trol signals , timing protocols , and software operations have devices described herein may further be able to distinguish 
not been shown in detail in order to avoid unnecessarily gestures made by a particular entity from gestures made by 
obscuring the described embodiments of the invention . 20 other entities . 

FIG . 1 is a schematic illustration of a system arranged in The processing unit ( s ) may be implemented using , for 
accordance with an embodiment of the present invention . example , one or more processors . In other examples , the 
The system 100 includes wireless communications devices processing unit ( s ) may be implemented using circuitry for 
105a , 105b , and 105c in an environment . The system 100 performing the described functions , which may include , for 
further includes a device 110 . The device 110 may include 25 example , transform circuitry . In some examples , the device 
one or more antennas 108 , a receiver 112 , one or more 110 may be programmed , e . g . using computer executable 
processing unit ( s ) 114 , a memory storing gesture signatures instructions encoded on one or more memories accessible to 
116 , and a transmitter 118 . The system 100 further includes the processing unit ( s ) 114 . The computer executable instruc 
a controller 130 which may be coupled , for example , to a tions may include instructions for performing the functions 
power outlet . 30 of the processing unit ( s ) described herein . 

The wireless communications devices 105a - c may be The device 110 may further include a memory 116 storing 
implemented using any of a variety of devices including , but gesture signatures . The memory 116 may be implemented 
not limited to , routers , cellular telephones , laptops , desktops , using any variety of memory including , but not limited to 
or gaming systems . Although three are shown in FIG . 1 any solid state memory , flash memory , disk drives , system 
number may be used . The wireless communications devices 35 memory , or combinations thereof . The memory 116 may 
may generally include any devices configured to transmit store gesture signatures . Gesture signatures generally refer 
wireless communications signals . The wireless communica - to data representative of features in wireless communica 
tions devices usable with the system 100 may generally be tions signals corresponding to particular gestures . The 
located in a variety of positions within an environment . For memory 116 may be in communication with the processing 
example , the devices 105a - c may be located at different 40 unit ( s ) 114 . In some examples , the memory 116 may be 
positions in a room of a house or other structure . The devices included in the device 110 . In other examples , the memory 
105a - c may be located in different rooms of a house or other 116 may be separate from the device 110 . The memory 116 
structure . The wireless communications signals provided by may be in communication with the processing unit ( s ) 114 , 
the devices 105a - c may generally penetrate walls or other for example either by being connected to the processing 
barriers within an environment , and accordingly may be 45 unit ( s ) or by being in wireless or other communication with 
distributed throughout the environment . Wireless commu - the processing unit ( s ) . 
nications signals may include received signal strength indi - The processing unit ( s ) 114 may compare the identified 
cators ( RSSI ) , phase information , or combinations thereof . features in the communications signals with the gesture 

Wireless communications signals usable herein including , signatures stored in the memory 116 . In this manner the 
but are not limited to , WiFi signals , WiMAX signals , LTE 50 processing unit ( s ) 114 may identify that one or more ges 
signals , or combinations thereof . The wireless communica - tures occurred in the environment . Responsive to identifying 
tions signals may be OFDM signals , signals utilizing other one or more gestures occurring in the environment , the 
communications encoding schemes , other wireless signals , device may take some action . 
or combinations thereof . Generally , any wireless signals For example , the device 110 may include a transmitter 118 
may be used , and may facilitate gesture recognition in 55 which may transmit a control signal responsive to identifi 
non - line - of - sight and through - the - wall scenarios . OFDM is cation of a particular gesture . The control signal may be 
generally used to implement wireless systems including indicative of a gesture , or a combination of gestures , that 
802 . 11a / gin , WiMAX , and LTE . In some examples the were identified by the device 110 . The control signal may be 
wireless communications signals may include beacon sig - provided to any number of other devices to take action based 
nals which may , for example , be transmitted periodically by 60 on the performed gestures . 
one or more of the devices 105a - C . For example , the system 100 includes a controller 130 that 

The device 110 may include one or more antennas 108 may be plugged into an outlet . The controller 130 may 
that may receive wireless communications signals transmit receive the control signal generated by the device 110 and 
ted by the devices 105a - c . The device 110 may be imple - may , for example , toggle power to one or more devices 
mented using a router , laptop , desktop , other computing 65 coupled to the controller 130 . In this manner , a light coupled 
system , cellular telephone , or other device . The device 110 to the controller 130 may be turned on and / or off by 
includes a receiver 112 . The receiver 112 may receive the performance of a gesture . The gesture may be identified by 
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the device 110 and a control signal sent to the controller 130 the speed of light ( e . g . c m / sec ) , an entity moving at a speed 
to turn off or on power to the light . of v m / sec , may generate a maximum Doppler shift of 

Generally , transmitters of wireless signals ( e . g . one or 2f / c * v , where f is the frequency of the wireless transmission . 
more of the wireless communications devices 105 ) and Thus , for example , a 0 . 5 m / sec gesture may result in a 17 Hz 
receivers ( e . g . a receiver of the device 110 ) may be placed 5 Doppler shift on a 5 GHz WiFi transmission . Typical wire 
in a variety of arrangements in a system . Example positions less transmissions have orders of magnitude higher band 
of transmitters and receivers are provided herein with ref - width ( e . g . 20 MHz for WiFi ) . Thus , for gesture recognition , 
erence to FIG . 9 . In some examples , the transmitter of detection of Doppler shifts of a few Hertz from the 20 MHz 
wireless signals and the receiver for the device that is WiFi signal may be desirable in some examples . 
configured to recognize gestures may be co - located on a 10 Examples of the present invention may transform the 
same device ( e . g . the device 110 may also include a trans - received wireless communications signal into a narrowband 
mitter of wireless signals ) . In some examples , the transmitter p ulse with a bandwidth of a few Hertz . Examples of devices , 
and receiver may be on different devices which may be in a methods , and systems described herein ( which can be imple 
same location , or may be in different locations . In examples m ented on a WiFi AP ) may then track the frequency of this 
of co - located transmitters and receivers , directional anten - 15 narrowband pulse to detect Doppler shifts resulting from 
nas , full - duplex radios , or other modulation schemes may be gestures . For example , the processing unit ( s ) 114 of FIG . 1 
used to reduce or eliminate self - interference . may be configured to ( e . g . the device 110 may be pro 
By leveraging wireless communications signals in an grammed to , or circuitry may be provided to ) transform 

environment , examples of devices and systems described received wireless communications signals into a narrow 
herein may provide a whole - home gesture recognition sys - 20 band pulse and track the frequency of the narrowband pulse 
tem that may not require camera or other image - taking to detect Doppler shifts resulting from gestures . 
infrastructure . Because wireless communications signals FIG . 3 is a flowchart of an example method described 
may not require line - of - sight between devices for commu - herein . The method includes operation 310 , receive wireless 
nication and can generally traverse through walls , gesture communication signals . Examples of wireless communica 
recognition is possible in examples of the present invention 25 tion signals have been described above , and may generally 
using only a few signal sources ( e . g . 1 , 2 , 3 , 4 , 5 , 6 , or 7 be received from any number of wireless communications 
signal sources , although more may also be used ) . devices in an environment . In operation 320 , features in the 

Gestures which may be identified in accordance with wireless communication signals are detected . The features 
examples of the present invention include 1 - dimensional , may include Doppler shifts , as described herein . In operation 
2 - dimensional , and 3 - dimensional gestures . FIG . 2 is a 30 330 , a gesture is identified based , at least in part on the 
schematic illustration of example gestures which may be detected features in the wireless communication signals . In 
identified in accordance with examples of the present inven - operation 340 , a control signal may be provided responsive 
tion . As shown in FIG . 2 , the gestures include , but are not to the identified gesture . In some examples , components of 
limited to , push ( FIG . 2A ) , pull ( FIG . 2B ) , circle ( FIG . 2C ) , the system shown in FIG . 1 may be used to implement the 
dodge ( FIG . 2D ) , drag ( FIG . 2E ) , punch ( FIG . 2F ) , strike 35 method of FIG . 3 . 
( FIG . 2G ) , kick ( FIG . 2H ) , bowling ( FIG . 21 ) , or combina - FIG . 4 is a flowchart of an example method described 
tions thereof . Other gestures may also be used , including but herein . The method of FIG . 4 may be used to implement the 
not limited to , waving , nodding , pointing gestures made by operations 320 and 330 of FIG . 3 . The method of FIG . 4 is 
a user where , for example , the user points at a device to an example method of detecting features in a wireless 
control the device , and falling . Generally , gestures refer to 40 communication signal and identifying a gesture based , at 
movements that may be made by the arms , legs , or both of least in part , on the features . In optional operation 402 , phase 
an entity . In other examples , gestures may include move - and amplitude information that may have been removed in 
ments made by other parts of a body , such as a head , pelvis , a traditional decoding process may be reintroduced to 
tail , or wing . In other examples , gestures may include received wireless communication signals . In optional opera 
movements made by an object , such as a robot or other entity 45 tion 405 , different received symbols may be transformed 
( e . g . robotic arm movement , appliance movement , or other into same symbols . In operation 410 , received wireless 
robotic movement ) . Devices may detect gestures ( e . g . communication signals may be transformed into a narrow 
detecting a fall of a person ) , may find a location of a person band signal . In operation 430 , Doppler shifts may be 
as they gesture , or perform other actions responsive to extracted from the tracked narrowband signal . In operation 
identification of a gesture . 50 440 , a set of segments of the Doppler shifts corresponding 

Example devices according to the present invention may to a gesture may be identified . In operation 450 , the set of 
leverage features ( e . g . Doppler shifts ) of communications segments may be classified as a particular gesture . Compo 
signals to recognize gestures . Generally , Doppler shift refers nents of the system of FIG . 1 may be used to implement the 
to a frequency change of a wave as its source moves relative method shown in FIG . 4 . For example , the device 114 , 
to the observer . A canonical example is a change in the pitch 55 including the receiver 112 of FIG . 1 may be used to 
of a train ' s whistle as it approaches and departs from a implement the method shown in FIG . 4 . 
listener . In the context of wireless communication signals , A narrowband signal may be generated from received 
considering multi - path reflections from an entity performing wireless communication signals to facilitate Doppler shift 
a gesture , a pattern of Doppler shifts may be received at a extraction in examples of the present invention . Doppler 
receiver that may be indicative of the gesture . 60 shift generally refers to change in the observed frequency as 

For example , a user moving her hand away from the a transmitter and a receiver move relative to each other . In 
receiver may result in a negative Doppler shift , while examples of the present invention , an entity reflecting the 
moving her hand towards the receiver results in a positive signals from the transmitter can be thought of as a virtual 
Doppler shift . These Doppler shifts generated due to ges - transmitter that generates the reflected signals . Now , as the 
tures may generally be very small Doppler shifts and may be 65 entity ( e . g . virtual transmitter ) moves towards the receiver , 
challenging to detect . For example , since wireless signals the crests and troughs of the reflected signals arrive at the 
are electromagnetic waves that generally may propagate at receiver at a faster rate . Similarly , as an entity moves away 
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from the receiver , the crests and troughs arrive at a slower time - domain OFDM symbol is generated at the transmitter 
rate . More generally , a point object moving at a speed of v by taking an FFT over a sequence of modulated bits trans 
at an angle of u from the receiver , results in a Doppler shift mitted in each OFDM subchannel . Specifically , the trans 
given by the following equation mitter ( e . g . transmitters of the wireless devices 105a - c of 

5 FIG . 1 ) takes blocks of N modulated bits ( N = 64 in 802 . 11 ) , 
and applies an N - point Inverse Fast Fourier Transform 
( IFFT ) , 

Xx = & n = 1 Y e12akn / N 
10 where X , is the modulated bit sent in the nth OFDM where c is the speed of light in the medium and f is the sub - channel . Each block of x1 , . . . XN forms a time - domain transmitter ' s center frequency . Note that the observed Dop OFDM symbol that the receiver decodes by performing the pler shift generally depends on the direction of motion with FFT operation , 

respect to the receiver . For instance , a point object moving 
orthogonal to the direction of the receiver results in no 16 X , = > x = 1 ̂ Xze = 127tkn / N 
Doppler shift , while a point object moving towards the To facilitate understanding how examples of systems and 
receiver maximizes the Doppler shift . At least in part methods describe herein operate on these OFDM signals , methods describe herein operate on these OFDM signals 
because gestures typically involve multiple point objects two general examples are discussed . In a first example , a 
moving along different directions , the set of Doppler shifts transmitter is considered which repeatedly sends the same 
seen by a receiver can be used to classify different gestures . 20 OFDM symbol . In another example , the approach is gener 

Note that higher transmission frequencies generally result alized to arbitrary OFDM symbols , making the scheme 
in a higher Doppler shift for the same motion . Thus , a applicable to 802 . 11 frames , for example . 
wireless communication signals at 5 GHz results in twice the Examples are discussed where a transmitter ( e . g . a trans 
Doppler shift as a wireless communication signal at 2 . 5 mitter of the devices 105a - c in FIG . 1 ) sends the same 
GHz . In some examples , much higher frequencies ( e . g . , at 25 OFDM symbol . In this case , instead of performing an FFT 
60 GHz ) may not be suitable for whole - home gesture over each OFDM symbol , examples of devices and systems 
recognition since they may be more directional and typically herein ( e . g . the device 110 of FIG . 1 ) performs a large FFT 
are not suitable for non - line - of - sight scenarios . over M consecutive OFDM symbols . As a consequence of 

Note that faster speeds may result in larger Doppler shifts , this operation , the bandwidth of each OFDM sub - channel is 
while slower speeds result in smaller Doppler shifts . Thus , 30 reduced by a factor of M . Accordingly , examples of devices 
it may be easier to detect an entity running towards the and systems described herein may perform a transform ( e . g . 
receiver than to detect an entity walking slowly . Further , a FFT ) over a plurality of consecutive received symbols of 
gestures involving full - body motion ( e . g . walking towards a wireless communication signal . 
or away from the receiver ) may be easier to capture than To understand the bandwidth reduction achieved , con 
gestures involving only parts of the body ( e . g . , hand motion 35 sider the receiver ( e . g . the device 110 of FIG . 1 ) performs a 
towards or away from the receiver ) . Generally , full - body 2N point FFT over two consecutive , identical OFDM sym 
motion involves many more point object moving at the same bols . 
time . Thus , it may create Doppler signals with much larger The output of the FFT can be written as , 
energy than when the entity uses only parts of its body or X = 2x - , Nxze = 24kmal 20 + 2x + x + 12N « ze = 12raknl2N system . 

Gestures made by entities herein may generally result in Since the first N transmitted samples are identical to the 
a small Doppler shift that may be difficult to detect using last N samples , Xx Xx + N , for k = 1 to N , we can re - write the 
transmission of typical wireless communication signals above equation as 
( e . g . , WiFi , WiMax , LTE , etc . ) . For instance , consider a user Xx = 2x = 1 xze = 12wkn / 2N + Ex = 1 Nxze = 1290 ( k + N ) n / 2N moving her hand towards the receiver at 0 . 5 m / sec . From Eq . 45 
1 , this results in a Doppler shift of about 17 Hertz for a WiFi After simplification , we get : 
signal transmitted at 5 GHz ( u = 0 ) . Since the bandwidth of 
WiFi ' s transmissions is at least 20 MHz , the resulting 
Doppler shift is orders of magnitude smaller than WiFi ' s i i20kn 
bandwidth . Identifying such small Doppler shifts from these 50 Xn = 2 * ke 2N ( 1 + e " ) 
transmissions can be challenging . 

Examples described herein , however , provide systems , 
devices , and methods that may identify Doppler shifts at the Now , when n is an even number , ( 1 + e - in ) = 2 , but when n 
resolution of a few Hertz from wireless communication is an odd number , ( 1 + e - an ) = 0 . Thus , the above equation can 
signals . The received wireless communication signal may be 55 be re - written as , 
transformed into a narrowband pulse ( e . g . operation 410 of 
FIG . 4 ) . The narrowband pulse may , for example , have a 
bandwidth of a few Hertz . A frequency of the narrowband 
pulse may be tracked and Doppler shifts extracted ( e . g . 
operation 430 of FIG . 4 ) . 

Examples of transforming a wireless communication sig 
nal into a narrowband pulse include examples of transform - FIGS . 5A and 5B are plots of an FFT of an OFDM signal 
ing an OFDM signal into a narrowband pulse . OFDM and two OFDM signals , respectively , in accordance with 
generally divides the used RF bandwidth into multiple embodiments of the present invention . The plots show 
sub - channels and modulates data in each sub - channel . For 65 outputs of an FFT taken over an OFDM signal ( FIG . SA ) 
instance , WiFi typically divides the 20 MHz channel into 64 and over two identical OFDM signals ( FIG . 5B ) . As shown 
sub - channels each with a bandwidth of 312 . 5 KHz . The in FIG . 5B , when an FFT is performed of multiple ( e . g . 

i20kn 

k = 1 

X2 = 2 * * 2 * ; X2 + 2 = 0 i2nk / 
xke 2N ; X2 + 1 = 0 = 2 

k = 1 
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consecutive ) OFDM signals , the odd sub - channels are zero In this manner , the received symbols may be data - equalized 
and the even sub - channels capture the output of an N - point to a first ( or other selected ) symbol . An IFFT may be 
FFT on a single OFDM symbol . This may be understood by performed on each of these equalized symbols to get the 
recognizing that in each sub - channel , the same modulated corresponding time domain samples . Since these data - equal 
information is transmitted in both the OFDM symbols . Thus , 5 ization operations only modify the data in each sub - channel , 
the bandwidth used by each sub - channel effectively halves . they do not generally change either the wireless channel or 
More generally , when a receiver performs an MN - point the Doppler shift information . Accordingly , the different FFT over an OFDM symbol that is repeated M times , the OFDM symbols have effectively become same OFDM sym bandwidth of each sub - channel is reduced by a factor of M . bols and narrowband signals may be generated by trans Accordingly , embodiments of methods , devices , and sys 10 forming multiple symbols as described herein . tems described herein may include creating one or more 

narrowband signals centered at certain sub - channels by Note that gestures may change the phase and amplitude of 
performing an FFT operation over repeated OFDM symbols . the received symbols . A traditional decoder accounts for 
For example , the device 110 of FIG . 1 may perform an FFT these changes by using the pilot bits that are present in every 
operation over multiple ( e . g . consecutive ) OFDM signals . OFDM symbol . For example , the receiver may remove 
For example , the receiver 112 may be configured to perform 15 phase and amplitude changes that encode gesture informa 
the FFT in that manner , and / or the processing unit ( s ) 114 tion during the decode process . To avoid this , during the 
may be operated in accordance with stored instructions to re - encoding phase before computing the IFFT , examples of 
operate in that manner . In some examples , an FFT may be devices , systems , and methods herein , may reintroduce the 
performed over a one - second duration to provide a one - phase and amplitude changes that were removed by the 
Hertz wide narrowband signal . Accordingly , narrowband 20 decoder . This may aid in ensuring that gesture information 
signals may be generated from received wireless communi - is not lost in decoding . In some examples , reintroduction 
cation signals . An FFT operation may be taken over multiple may not be necessary if , for example , the gesture identifi 
OFDM signals to implement the operation 410 of FIG . 4 in cation process has access to the wireless communication 
some examples . signals as received prior to decoding . 

In some examples , the speed of gestures of interest may 25 In some examples , a frequency offset between the trans 
be known and used to reduce the computational complexity mitter ( e . g . a transmitter of one or more of the devices 
of systems , devices , and methods described herein by com - 105a - c of FIG . 1 ) and the receiver ( e . g . the device 110 of 
puting the FFT at only frequency ranges of interest . For FIG . 1 ) creates a shift in the center frequency , which can be 
example , since the speeds at which a human can typically confused for a Doppler shift . Accordingly , example devices , 
perform gestures are between 0 . 25 m / sec and 4 m / sec , the 30 systems , and methods herein may obtain a coarse estimate of 
Doppler shift of interest at 5 GHz is between 8 Hz and 134 the frequency offset using a preamble at a beginning of the 
Hz . Thus , example receivers ( e . g . device 110 of FIG . 1 ) transmission . The estimated frequency offset may be used to 
described herein may compute the FFT output correspond - compensate during a remainder of the transmission . Further , 
ing to only these frequencies . note the notion that in the absence of residual offsets , the 

In some examples , repetitive OFDM signals may not be 35 energy in the DC frequency ( center frequency of each 
transmitted by transmitters used in the example system . OFDM sub - channel ) corresponds to the paths from the 
Different data may be transmitted in consecutive signals by transmitter to the receiver that do not involve the entity 
transmitters in the example system . Nonetheless , examples making a gesture . However , with residual offsets , both the 
described herein may extract Doppler shifts from such DC and the Doppler frequencies are shifted by the same 
transmissions by generating a narrowband signal form the 40 amount . The DC energy ( the energy from the transmitter to 
received wireless communication signals . the receiver minus the reflections from the entity making a 

Generally , systems , devices , and methods described gesture ) is typically much higher than the Doppler energy 
herein may include a data - equalizing reencoder at the ( reflections due to the gesture ) . Accordingly , example 
receiver ( e . g . the device 110 of FIG . 1 ) that may transform devices , systems , and methods described herein may track 
different received OFDM symbols into the same symbol . In 45 the frequency corresponding to the maximum energy and 
some examples , the receiver first decodes the symbols using correct for the residual frequency offset . 
the standard decoder ( e . g . 802 . 11 decoder ) . For example , the Moreover , examples of systems , devices , and methods 
receiver may perform an FFT on each time domain OFDM described herein my account for a cyclic prefix that may be 
symbol and transforms it into the frequency domain . The sent by transmitters of wireless communication devices . 
receiver , then , decodes the modulated bits in each sub - 50 Some examples described herein treated symbols as being 
channel , passes the modulated bits through the demodulator received back - to - back . However , many communication 
and the convolutional / Viterbi decoder to get the transmitted schemes , such as 802 . 11 transmitters , send a cyclic prefix 
bits . Now that the receiver knows the modulated bits , it ( CP ) between every two OFDM symbols to prevent inters 
transforms every received symbol into the first OFDM ymbol interference . The CP is generally created by taking 
symbol . 55 the last k samples from each OFDM symbol . Example 
Say X , denotes the modulated bit in the nth sub - channel systems , devices , and methods described herein may 

of the ith OFDM symbol . Example devices and methods account for the CP by replacing the received samples 
( e . g . the device 110 of FIG . 1 ) equalize the ith OFDM corresponding to the CP with the last k samples from the 
symbol with the first symbol . For example , the nth fre - data equalized symbol . This generally transforms the 
quency sub - channel in the ith symbol may be multiplied 60 received signal into a repetition of the same OFDM symbol . 
with Still further , examples of systems , devices , and methods 

described herein may compensate for intermittent wireless 
communication signals . For example , transmitters of wire 
less communication devices ( e . g . the devices 105a - c of FIG . 

65 1 ) may not transmit continuously . Accordingly , systems , 
devices , and methods for identifying gestures herein ( e . g . 
the device 110 of FIG . 1 ) may interpolate ( e . g . linearly 
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interpolate ) received symbols ( e . g . OFDM symbols ) to fill between this average energy and the noise level is greater 
time slots where no transmission happens . The interpolation than a threshold ( e . g . 3 dB in some examples ) , the beginning 
is may be performed per sub - channel after the symbols are of a segment may be detected ( e . g . by the device 110 of FIG . 
transformed into the frequency domain . After interpolation , 1 ) . When this ratio falls below the threshold ( e . g . 3 dB in 
the receiver may transform all OFDM symbols , both origi - 5 some examples ) , the end of the segment may be detected 
nal and interpolated , back to the time domain and form a ( e . g . by the device 110 if FIG . 1 ) . Multiple segments may be 
synthesized time continuous trace . identified as corresponding to a gesture . Generally segments 

Referring back to FIG . 4 , Doppler shifts may be extracted within a particular time range of one another will be con 
in operation 430 . To implement operation 430 in some sidered to correspond to a same gesture . In one example , any 
examples , the frequency - time Doppler profile of the nar - 10 two segments separated by less than one second are con 
rowband signal provided by operation 410 may be com - sidered part of a single gesture . 
puted . To do this , a sequence of FFTs taken over time may In operation 450 of FIG . 4 , the set of segments may be 
be computed ( e . g . by the device 110 of FIG . 1 ) . For example , classified as a particular gesture . Classification may occur by 
an FFT may be computed over samples in a first half - a correlating ( e . g . matching ) a pattern of segments ( e . g . a 
second interval . Such an FFT may provide a Doppler 15 pattern of positive and negative Doppler shifts ) with a 
resolution of 2 Hertz . Another FFT may be computed ( e . g . known pattern of segments for a particular gesture . The 
by the device 110 of FIG . 1 ) over a next overlapping known pattern of segments may be referred to as a gesture 
half - a - second interval beginning at a threshold time ( e . g . 5 signature , and gesture signatures may be stored and made 
ms ) from a start of the last interval . This process may be accessible to devices and systems ( or integral with devices 
repeated to obtain a frequency - time profile . 20 and systems ) described herein . The correlation may be 
FIGS . 6a - i are example frequency - Doppler profiles of the performed , for example , using machine learning , pattern 

gestures shown in FIG . 2 . The frequency - Doppler profiles matching , or combinations thereof . 
may generally be segmented by methods , devices , and In some examples , there are three types of segments : 
systems described herein ( e . g . the device 110 of FIG . 1 ) into segments with only positive Doppler shifts , segments with 
sequences of positive and negative Doppler shifts , which 25 only negative Doppler shifts , and segments with both posi 
may uniquely identify each gesture . So , for example , the tive and negative Doppler shifts . These can be represented as 
device 110 of FIG . 1 may analyze wireless communication three numbers , e . g . ' 1 ' , - 1 ' , and ' 2 ' . Each gesture in FIGS . 
signals to extract information about sequences of positive 6a - i can accordingly be stored as a unique sequence of these 
and negative Doppler shifts that may be used to identify ( e . g . three numbers . Now , classification in operation 450 can be 
detect ) a gesture . Referring to FIG . 6A , the frequency - 30 performed by comparing and matching the received number 
Doppler profile of a user moving her hand towards the sequence with the set of predetermined sequences ( e . g . 
receiver is shown ( e . g . " push gesture ) . The plot shows that , gesture signatures ) . Note that this classification methodol 
at the beginning of the gesture most of the energy is ogy may be operable with entities performing gestures at 
concentrated in the DC ( zero ) frequency . This corresponds different speeds . Different speeds change the duration of 
to the signal energy between the transmitter and the receiver , 35 each segment and the specific Doppler frequencies that have 
on paths that do not include the human . However , as the user energy , but generally do not change the pattern of positive 
starts moving her hand towards the receiver , increasing and negative shifts . Thus , the gestures performed at different 
positive Doppler frequencies are seen ( corresponding to speeds results in the same pattern of numbers and hence can 
hand acceleration ) and then decreasing positive Dopplerb e classified in accordance with methodologies described 
frequencies ( corresponding to hand deceleration ) . 40 herein . 

Referring to FIGS . 6a - i , note that the frequency - Doppler In other examples , segments may be defined and gestures 
profiles correspond to the gestures in FIG . 1 . The plots of classified using more types of segments than those described 
FIGS . 6a - i show that the profiles are a combination of herein , or using other segments ( e . g . segments defined in 
positive and negative Doppler shifts . Further , each gesture is other manners than increasing and decreasing energy ) . 
represented by a set of segments which have positive and 45 Examples of systems , methods , and devices are described 
negative Doppler shifts . For example , the profile in FIG . 64 herein which may identify gestures made by a particular 
has just one segment with positive Doppler shift . However , entity in an environment , and may be able to distinguish 
FIG . 6B has two segments each of which has a positive and gestures of the particular entity from gestures made by other 
a negative Doppler shift . Further , within each segment , the entities in the environment . For example , a typical home 
Doppler energy first increases and then decreases ( which 50 may have multiple people who can affect the wireless 
may correspond to acceleration and deceleration of human communication signals at the same time . Examples 
body parts in some examples ) . described herein may utilize Multiple - Input Multiple - Output 

Accordingly , examples of gestures may be represented by ( MIMO ) capability that may be provided by the wireless 
a series of segments of positive and negative Doppler shifts . communications signals themselves ( e . g . provided by a 
Each segment generally has either a positive or negative 55 communication standard such as 802 . 111 or others ) , to 
Doppler shift and has a beginning at a region of increasing identify gestures from a particular entity . MIMO may pro 
Doppler energy and an end a region of decreasing Doppler vide throughput gains by enabling multiple transmitters to 
energy , or vice versa . concurrently send packets to a MIMO receiver . Without 

Referring again to FIG . 4 , in operation 440 , a set of being bound by theory , if we consider the wireless reflec 
segments of Doppler shifts may be identified corresponding 60 tions from each entity as signals from a wireless transmitter , 
to a gesture . Note that energy in each segment generally first then they may be separated using a MIMO receiver . Rather 
increases and then decreases . Accordingly , to identify a set than sending a known signal from a transmitter , an entity 
of segments that correspond to a gesture , example devices , may perform a known gesture , which may be a repetitive 
systems , and methods described herein ( e . g . the device 110 gesture that may be treated as a preamble . The signature 
of FIG . 1 ) may compute the average energy in the positive 65 resulting from the known gesture may be utilized by receiv 
and negative Doppler frequencies ( other than the DC and the ers described herein to estimate a MIMO channel that 
four frequency bins around it in some examples ) . If the ratio maximizes energy reflections from an entity performing the 
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known gesture . Once the receiver identifies this channel , the Referring again to FIG . 7 , in operation 730 , the estimated 
receiver may be able to track the entity to identify subse - ( e . g . calculated ) channel is used to track the target entity . For 
quent gestures made by the entity , distinguished from ges example , if the target entity has not moved , a subsequent 
tures made by other entities . gesture may be identified ( in operation 740 ) as coming from 

Examples described herein may utilize a repetitive gesture 5 the target entity if it shares a same estimated channel as 
as an entity ' s preamble . Devices , e . g . the device 110 of FIG . calculated in operation 720 . In some examples , a target 
1 , may utilize the preamble to estimate the MIMO channel entity may perform the preamble gesture again when mov 
that maximizes ( or meets another criteria ) the energy of the ing to a new location . However , in other examples , the 
reflections from the entity . Once the device ( e . g . receiver ) estimated channel associated with the target entity may be 
locks on to this channel , the entity performs normal ( non - 10 updated as the entity moves by , for example , detecting 
repetitive ) gestures that the receiver classifies using the movement of the entity . For example , motion ( e . g . , walking 
Doppler shifts . In some examples , the preamble may be and running ) may create Doppler shifts which have a higher 
extracted without requiring the entity to perform gestures at energy than gestures . Thus , the MIMO channel may be 
a pre - determined speed . tracked as the target entity moves , reducing the need to 

FIG . 7 is a flowchart of an example method in accordance 15 perform the repetitive gesture again . 
with embodiments of the present invention . In operation A subsequent gesture may be identified ( in operation 740 ) 
710 , a preamble gesture may be identified ( e . g . by the device as coming from the target entity if it has the estimated 
110 of FIG . 1 ) . For example , a preamble gesture may be a channel corresponding to the target entity ' s estimated chan 
repetitive “ push . ” An entity pushes her hand towards and nel at the time of the gesture . In some examples , known 
away from the receiver , and repeats this gesture to form the 20 gestures may be used to provide security . For example , a 
preamble . This creates a sequence of alternating positive secret pattern of gestures may be used as a secret key to get 
( + 1 ) and negative ( - 1 ) Doppler shifts , e . g . , an alternating access to the system . Once the access is granted , the receiver 
sequence of + 1 and - 1 symbols . This sequence may be used can track the authorized user and perform the required 
( e . g . by the device 110 of FIG . 1 ) to correlate and detect the gestures . For example , on identification of the secret pattern 
presence of a target entity . For example , as described above 25 of gestures , the device 110 of FIG . 1 may provide a control 
with respect to FIG . 4 , the series of Doppler shift segments signal to unlock functionality of the system . 
may be identified and classified as a preamble gesture . This Accordingly , entities may be identified in examples 
correlation may work even in the presence of interfering described herein through use of a preamble gesture . In this 
users , since their motion is generally uncorrelated with the manner , gestures made by other entities may be discrimi 
preamble ' s alternating sequence of positive and negative 30 nated from that of a target entity . 
Doppler shifts . Example systems , devices , and methods described herein 

In operation 720 , a channel may be estimated for the may address multi - path effects . In practice , reflections , like 
entity that is associated with the preamble gesture . The typical wireless signals , may arrive at the receiver along 
MIMO channel that maximizes the Doppler energy from the multiple paths . Extracting general Doppler profiles in the 
target entity may be calculated ( e . g . by the device 110 of 35 presence of multi path may be challenging . However , the use 
FIG . 1 ) . Each segment of the gesture may be analyzed to find of only the positive and negative Doppler shifts for gesture 
the MIMO direction that maximizes the Doppler energy in classification may advantageously simplify the problem . By 
some examples . The MIMO direction may then be averaged employing an iterative methodology , examples of which are 
across segments to improve the estimation accuracy . An described above , to adapt the amplitude and phase to maxi 
iterative methodology recently used in TIMO may be used 40 mize either positive or negative Doppler energy , a MIMO 
to maximize the Doppler energy from the target entity in direction may be identified that can focus on multipaths 
each segment . Examples of the iterative methodology are which result in similar Doppler shifts . Note that computing 
described in S . Gollakota , et . al . , “ Cleaning the RF Smog : Doppler shifts does not in some examples require distin 
Making 802 . 11 robust to cross - technology interference , " guishing between the multi - paths in the system . Instead a 
SIGCOMM , 2011 , which is hereby incorporated by refer - 45 system need only in some examples distinguish between sets 
ence in its entirety for any purpose . The methodology of paths that all create either a positive or a negative Doppler 
generally includes applying an iterative gradient - descent shift . Thus , gesture recognition may be performed generally 
style algorithm that iterates over the amplitude and phase on using a lower number of antennas than is required to 
each antenna to find a channel combination that maximizes distinguish between multi - paths . 
the SNR of the WiFi signal . In examples of the present 50 Moreover , since a repetitive preamble gesture in the 
invention , weights on each antenna may be adapted ( e . g . by preamble always starts in a particular way , e . g . with the user 
the device 110 of FIG . 1 ) to increase the Doppler energy of moving her hand towards the receiver , the receiver can 
the target entity . In some examples , this methodology may calibrate the sign of the subsequent Doppler shifts . Specifi 
be implemented pair - wise on each antenna ( of , e . g . the cally , if it sees a negative Doppler shift when it expects a 
device 110 of FIG . 1 ) with respect to the first antenna . For 55 positive shift , the receiver may flip the sign of the Doppler 
example , the weights ( amplitude and phase ) for each shift . This allows examples of devices , systems , and meth 
antenna may be computed with respect to the first antenna . ods described herein to perform gesture recognition inde 
In some examples , estimation accuracy is improved by pendent of the user location . 
averaging across gestures . In some examples , the iterative 
methodology may be evaluated on every gesture performed 60 Example 
by the target entity , to improve estimation accuracy . The 
MIMO direction may be updated as different entities inter An example system was implemented in GNURadio 
fere with the target entity , and as the target entity moves . using USRP - N210 hardware . Gestures were correlated ( e . g . 
Generally , as the interfering users change , the optimal classified ) from the Doppler shifts using pattern matching 
MIMO direction that maximizes the Doppler energy also 65 methodology . The system was evaluated with five users in 
changes . By applying the iterative algorithm on every ges - both an office environment and a two - bedroom apartment . 
ture , examples described herein can track these changes . Gestures were performed in a number of scenarios including 
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line - of - sight , non - line - of - sight , and through - the - wall sce system ' s ability to achieve whole - home gesture recog 
narios where the entity was in a different room from the nition , we evaluate it in six different scenarios , shown 
wireless transmitter and the receiver . The entities performed in FIG . 9 . 
a total of 900 gestures across the locations . The example ( a ) LOS - txrxcloseby : Here a receiver and a transmitter are 
system was able to classify nine whole - body gestures with 5 placed next to each other in a room . The user performs 
an average accuracy of 94 % . Using a 4 - antenna receiver and gestures in line - of - sight to the receiver . 
a single - antenna transmitter placed in the living room , the ( b ) LOS - txrxwall : Here a receiver and a transmitter are 
example system can achieve the above classification accu placed in adjacent rooms separated by a wall . The user 
racy in 60 % of the home locations . Adding an additional performs the gestures in the room with the transmitter . 
singe - antenna transmitter to the living room achieves the 10 ( c ) LOS - txrxfar : Here a receiver and a transmitter are 

placed 19 . 7 feet away from each other . The user performs above accuracy in locations across all the rooms ( with the gestures in line - of - sight to the receiver . doors closed ) . Thus , with an WiFi AP acting as a receiver ( d ) Through - the - Wall : Here a receiver and a transmitter and a couple of mobile devices acting as transmitters , the are placed next to each other close to a wall . The user example system can enable whole - home gesture recogni - 15 per ure recogn - 15 performs gestures in the room adjacent to the wall . 
tion . ( e ) Through - the - Corridor : Here a receiver and a transmit 

Over a 24 - hour period , the example system ' s average ter are placed in different rooms separated by a corridor . The 
false positive rate events that detect a gesture in the user performs the gestures in the corridor . 
absence of the target entity — is 2 . 63 events per hour when ( f ) Through - the - Room : Here a receiver and a transmitter 
using a preamble with two gesture repetitions . This goes 20 are placed in different rooms separated by a room . The user 
down to 0 . 07 events per hour , when the number of repeti - performs the gestures in the middle room . 
tions is increased to four . Using a 5 - antenna receiver and a In scenarios ( b ) , ( c ) , ( e ) , and ( f ) both the transmitter and 
single - antenna transmitter , the example system can success the receiver use omnidirectional antennas . However , in 
fully perform gesture classification , in the presence of three scenarios ( a ) and ( d ) where the transmitter and the receiver 
other users performing random gestures . However , the clas - 25 are placed next to each other , to prevent the transmitter ' s 
sification accuracy reduces as we further increase the num - signal from overwhelming the receiver ' s hardware , the 
ber of interfering users . Generally , given a fixed number of transmitter uses a Ettus LP0965 directional antenna that is 
transmitters and receiver antennas , the accuracy of example placed in a direction orthogonal to the receive antennas . The 
systems described herein may reduce with the number of receiver , however , still uses omnidirectional antennas . In 
users . However , since typical home scenarios do not have a 30 principle , we can further reduce the transmitter ' s interfer 
large number of users in a single room , example systems ence in these two scenarios by leveraging techniques like 
may nonetheless enable a large set of interaction applica - full - duplex and interference nulling . 
tions for always - available computing in home environments . We compute the Doppler SNR from the frequency - time 
We implemented a prototype on the software radio plat - Doppler profile . Doppler SNR is the ratio between the 

form and evaluate it on the USRP - N210 hardware . Each 35 average energy in the non - DC frequencies in the profile , 
USRP is equipped with a XCVR2450 daughterboard , and with and without the gesture . We ask the user to move her 
communicates on a 10 MHz channel at 5 GHz . Since hand towards the receiver , ( e . g . the first gesture in FIG . 2 ) . 
USRPN210 boards cannot support multiple daughterboards , The user performs the gesture in the general direction of the 
we built a MIMO receiver by combining multiple USRP - receiver independent of its location . We compute the aver 
N210s using an external clock . In our evaluation , we use 40 age Doppler SNR at each location by having each user 
MIMO receivers that have up to five antennas . We use single repeat the gesture ten times . 
antenna USRP - N210s as transmitters . The transmitter and Results versus distance : In scenarios ( a ) , ( b ) , ( d ) , and ( e ) , 
the receiver are not connected to the same clock . We build as the distance between the user and the receiver increases , 
on the GNURADIO OFDM code base to transmit OFDM the average Doppler SNR reduces . This is expected because 
symbols over a 10 MHz wide channel . The transmitter uses 45 the strength of the signal reflections from the human body 
different 802 . 11 modulations ( BPSK , 4QAM , 16QAM , and reduces with distance . However , the received Doppler SNR 
64QAM ) and coding rates . The transmit power we use in our is still about 3 dB at 12 feet , which is sufficient to identify 
implementation is 10 mW which is lower than the maximum gestures . 
power allowed by USRP - N210s ( and WiFi devices ) . This is In scenarios ( c ) and ( f ) , however , the Doppler SNR does 
because USRP - N210s exhibit significant non - linearities at 50 not significantly reduce with the distance from the receiver . 
higher transmit powers , which limit the ability to decode This is because in both these scenarios , as the user moves 
OFDM signals . We note , however , that , with higher trans - away from the receiver , she gets closer to the transmitter . 
mission powers , one can in principle perform gesture rec - Thus , while the human reflections get weaker as the user 
ognition at larger distances . moves away from the receiver ; since the user moves closer 
We evaluate our prototype design in two environments : 55 to the transmitter , the transmitted signals arrive at the user 
An office building . The building has an external structure with a higher power , thus , increasing the energy in the 

that is primarily metal and concrete . We run the experi reflected signals . As a result , the Doppler SNR is as high as 
ments in offices that are separated by double sheet - rock 15 dB at distances of about 25 feet . 
( plus insulation ) walls with a thickness of approxi Results versus number of antennas : Across all the sce 
mately 5 . 7 inches . 60 narios , using more antennas at the receiver increases the 

A two - bedroom apartment . The layout of the apartment is Doppler SNR . This is expected because additional antennas 
shown in FIG . 8 . It includes a living room connected to provide diversity gains that may be particularly helpful in 
the kitchen and dining area , and two bedrooms and a the low SNR regime . Further the gains in the Doppler SNR 
bathroom . The walls are hollow and have a thickness of are higher at large distances , and through - the - * scenarios . 
5 . 5 inches ; the doors are made of wood and have a 65 The gains are as high as 10 dB in some locations . Also note 
thickness of 1 . 4 inches . We run our experiments with a that in scenarios ( d ) and ( f ) , the Doppler SNR at a single 
total of five users . In addition to evaluating the example antenna receiver is as low as 1 dB across many positions ; 
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such low SNRs may not be sufficient to classify gestures . of false detection events , i . e . , when the receiver detects the 
Additional antennas significantly increase the Doppler SNR , target user ( repetitive gesture ) , in her absence . To do this , we 
enabling gesture detection in these scenarios . place our receiver and transmitter in the middle of an office 

With more antennas at the receiver , the iterative method room ( with dimensions 32 feet by 30 feet ) occupied by 12 
ologies used can reduce the multi - path interference and 5 people , over a 24 - hour period . The occupants move about 
hence can significantly improve the Doppler SNR . We note and have meetings and lunches in the office as usual . The 
that across all the scenarios , using 3 - 4 antennas at the receiver looks for a repetitive gesture where the user moves 
receiver is sufficient to achieve most of the MIMO benefits . her hand towards and away from the receiver ; thus , each 

Summary : Using 3 - 4 antennas at the system receiver ( e . g . repetition results in a positive Doppler shift followed by a 
the device 110 of FIG . 1 ) is likely sufficient to achieve 10 negative Doppler shift . 
gesture detection in the above scenarios . Gesture detection When the receiver used a preamble with only one repeti 
is feasible as long as the user is in the “ range ” of the receiver . tion ( e . g . , perform the gesture once ) , the number of false 
This range can , however , be increased by spatially separat - events is , on the average , 15 . 62 per hour . While this is low , 
ing the transmitter and the receiver . Another option is to it is expected because typical human gestures do not fre 
leverage multiple transmitters ( e . g . , mobile phone in the 15 quently result in a positive Doppler shift followed by a 
living room , and laptop in the kitchen ) to increase this range . negative Doppler shift . Also , as the number of repetitions in 
We evaluate a whole - home scenario . We run experiments the preamble increases , the false detection rate significantly 

in the two - bedroom apartment shown in FIG . 8 . We use a reduces . Specifically , with three repetitions , the average 
4 - antenna receiver ( e . g . device 110 of FIG . 1 ) to compute the false detection rate reduces to 0 . 13 events per hour , with 
frequency - time Doppler profile using the methodology 20 more than four repetitions , the false detection rate is zero . 
described herein . We then map the profile to the gestures . We This is expected because it is unlikely that typical human 
use two single - antenna transmitters , as shown in FIG . 8 , to motion would produce a repetitive pattern of positive and 
maximize the range of our system . The transmitter and negative Doppler shifts . Further , since the receiver requires 
receiver use omni - directional antennas in our experiments . repetitive positive and negative Doppler shifts to occur at a 
Since it is difficult to quickly implement carrier sense on 25 particular range of speeds ( 0 . 25 m / s to 4 m / s ) , it is unlikely 
software radios , the two transmitters time - share the medium that even typical environmental and mechanical variations 
every 10 ms . would produce them . 

The receiver and the two transmitters are all placed in the The system computes the MIMO channel for the target 
living room , with all the doors closed . We pick ten locations user that minimizes the interference from the other humans . 
( marked in the layout ) spanning all the rooms in the apart - 30 We would like to evaluate the use of MIMO in classifying 
ment . These locations include line - of - sight , non - line - of - a target user ' s gestures , in the presence of other moving 
sight , and through - the - wall settings . In each location , the humans . We run experiments in a 13 feet by 19 feet room 
users perform the nine gestures shown in FIG . 2 in the with our receiver and transmitter . We have the target user 
direction of the receiver , at a speed that was not pre - perform the two gestures in FIGS . 2A and 2B . Our experi 
determined . 35 ments have up to four interfering users in random locations 

Each gesture is performed a total of 100 times across all in the room . The users were asked to perform arbitrary 
the locations . gestures using their arms . Using a five antenna receiver , the 

The average accuracy is 94 % with a standard deviation of accuracy is as high as 90 % with three interfering users in the 
4 . 6 % when classifying between our nine gestures . This is in room . Further , using additional antennas significantly 
comparison to a random guess , which has an accuracy of 40 improves this accuracy in the presence of multiple interfer 
11 . 1 % for nine gestures . This shows that one can extract rich ing users . We note however , that for a fixed number of 
information about gestures from wireless signals . Only 2 % transmitters and antennas at the receiver , the classification 
of all the gestures ( 18 out of 900 ) were not detected at the accuracy degrades with the number of users ( e . g . , a confer 
receiver . Further investigation revealed that these mis - de - ence room setting or a party scenario ) . For example , in our 
tections occurred when the user was in the kitchen and one 45 experiments , the accuracy is less than 60 % with four inter 
of the bedrooms . In these locations , the reflected signals are fering users . However , since typical home scenarios do not 
weak and hence the Doppler SNR for these specific gestures have a large number of users in a room , the system can 
was close to 0 dB . enable a significant set of interaction applications for always 
We note that when only txl was used to perform gesture available computing embedded in the environment . 

recognition , the accuracy was greater than 90 % only in six 50 Since the system leverages MIMO to cancel the signal 
of the ten considered locations . This shows that each trans - from the interfering human , it suffers from the near - far 
mitter provides a limited range for gesture recognition . problem that is typical to interference cancellation systems . 
Adding more transmitters increases this effective range . We , Specifically , reflections from an interfering user closer to the 
however , note that the two - bedroom apartment scenario only receiver , can have a much higher power than that of the 
required two transmitters placed in the living room to 55 target user . To evaluate the system ' s classification accuracy 
successfully classify gestures across all the locations . in this scenario , we fix the location of the target user six feet 
We also evaluate the system in the presence of other away from the receiver . We then change the interfering 

humans . We first measure the false detection rate in the user ' s location between three feet and ten feet from the 
absence of the target human . Then , we compute the accuracy receiver . The target user performs the two gestures shown in 
of gesture recognition for the target human , in the presence 60 FIGS . 2A and 2B . In each experiment , the interfering user 
of other humans . Finally , we stress test the system to see adversarially performs the opposite gesture to the one per 
where it fails . formed by the target user . The receiver computes the MIMO 

False detection rate in the presence of other humans : As channel for the target user by leveraging her preamble . 
described herein , the system detects the target human by The smaller the distance between the interfering user and 
using a repetitive gesture as a preamble . The repetitive 65 the receiver , the lower the Doppler SNR . Specifically , the 
gesture provides a protection against confusing other Doppler SNR is as low as - 10 dB when the interfering user 
humans for the target user . We compute the average number is about 3 . 4 feet from the receiver . However , adding anten 
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nas at the receiver significantly improves the Doppler SNR . 9 . The device of claim 1 wherein the wireless communi 
Specifically , with four - antennas , the Doppler SNR increases cation signals comprise beacon signals . 
from - 10 dB to 4 . 7 dB ; which is sufficient to classify 10 . The device of claim 1 wherein the at least one 
gestures . Thus , we conclude that adding additional antennas processing unit is configured to identify a preamble gesture 
at the receiver can help mitigate the nearfar problem . 5 from the features in the communication signals , and wherein 

From the foregoing it will be appreciated that , although the at least one processing unit is further configured to 
specific embodiments of the invention have been described identify when a subsequent gesture is made by a same entity 
herein for purposes of illustration , various modifications performing the preamble gesture . 
may be made without deviating from the spirit and scope of 11 . The device of claim 1 , further comprising a transmitter 
the invention . 10 configured to transmit a control signal responsive to iden 

tification of the gesture . 
What is claimed is : 12 . The device of claim 1 , wherein equalizing the received 
1 . A device comprising : symbols in each sub - channel of the plurality of sub - channels 
a receiver configured to receive wireless communication according to the first received symbol of each respective 

signals , each wireless communication signal received 15 sub - channel comprises modifying each received symbol 
from a plurality of sub - channels ; using the respective first received symbol of each respective 

at least one processing unit configured to identify features sub - channel . 
in the wireless communication signals , wherein iden 13 . A method comprising : 
tifying the features in the wireless communication receiving wireless communication signals from devices in 
signals comprises : an environment , each wireless communication signal 
equalizing received symbols in each sub - channel of the received from a plurality of sub - channels ; 

plurality of sub - channels , wherein equalizing the detecting features in the wireless communication signals , 
received symbols comprises multiplying each wherein detecting the features in the wireless commu 
received symbol in a respective sub - channel with a nication signals comprises : 
ratio including a first received symbol of the respec - 25 equalizing received symbols in each sub - channel of the 
tive sub - channel to provide equalized symbols ; plurality of sub - channels , wherein equalizing the 

transforming the equalized symbols with a Fast Fourier received symbols comprises multiplying each 
Transform ( FFT ) to provide a narrowband signal ; received symbol in a respective sub - channel with a 
and ratio including a first received symbol of the respec 

analyzing a Doppler profile of the narrowband signal 30 tive sub - channel to provide equalized symbols ; 
based on the equalized symbols to identify the fea transforming the equalized symbols with a Fast Fourier 
tures in the wireless communication signals ; Transform ( FFT ) to provide a narrowband signal ; 

a memory accessible to the at least one processing unit 
and storing information regarding features in wire analyzing a Doppler profile of the narrowband signal 
less communication signals caused by gestures , and 35 based on the equalized symbols to identify the fea 

wherein the at least one processing unit is further tures in the wireless communication signals ; 
configured to identify a gesture based on the identi identifying a gesture based , at least in part , on the features 
fied features in the wireless communication signals . in the wireless communication signals ; and 

2 . The device of claim 1 , wherein the gestures include providing a control signal responsive to identification of 
two - dimensional and three - dimensional gestures . 40 t he gesture . 

3 . The device of claim 1 , wherein the wireless commu 14 . The method of claim 13 , wherein the wireless com 
nication signals include Orthogonal Frequency - Division munication signals are Orthogonal Frequency Division Mul 
Multiplexing ( OFDM ) signals , wherein the received sym - tiplexing ( OFDM ) signals . 
bols correspond to OFDM symbols . 15 . The method of claim 13 , wherein said detecting 

4 . The device of claim 1 , wherein the wireless commu - 45 features in the wireless communication signals further com 
nication signals includes received signal strength indicators prises identifying at least one Doppler shift in the Doppler 
( RSSI ) , phase information , or combinations thereof . profile of the narrowband signal . 

5 . The device of claim 1 , wherein the wireless commu 16 . The method of claim 15 , wherein identifying a gesture 
nication signals are transmitted from a cellular telephone , based , at least in part , on the features in the wireless 
computer , or wireless router . 50 communication signals comprises comparing the features to 

6 . The device of claim 1 , wherein identifying features in a plurality of stored gesture signatures . 
the wireless communication signals further comprises 17 . The method of claim 13 , wherein said identifying a 
extracting a plurality of Doppler shifts in the Doppler gesture comprises correlating the features with a database of 
profile . stored features related to gestures . 

7 . The device of claim 6 , wherein identifying features in 55 18 . The method of claim 17 , wherein said correlating 
the wireless communication signals further comprises : comprises using machine learning , pattern matching , or 

identifying a set of segments in the plurality of Doppler combinations thereof . 
shifts ; and 19 . The method of claim 13 , wherein the wireless com 

classifying the set of segments as either positive Doppler munication signals are provided by a cellular telephone , 
shifts , negative Doppler shifts , or positive / negative 60 computer , router , or combinations thereof . 
Doppler shifts . 20 . A method , comprising : 

8 . The device of claim 7 , wherein classifying the set of receiving wireless communication signals from devices in 
segments as either positive Doppler shifts , negative Doppler an environment ; 
shifts , or positive / negative Doppler shifts comprises : detecting features in the wireless communication signals ; 

correlating the set of segments with a gesture signature , 65 identifying a gesture based , at least in part , on the features 
the gesture signature indicative of a known set of in the wireless communication signals , wherein the 
segments . gesture comprises performance of a preamble gesture , 

and 
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wherein identifying the gesture based , at least in part , plurality of gesture signatures , and wherein the router 
on the features in the wireless communication signals is configured to detect a gesture based on a comparison 
comprises : of features in the periodic beacon signals from the 

equalizing received symbols in each sub - channel of the wireless communications device and the gesture sig 
plurality of sub - channels to provide equalized symbols , 5 natures , wherein detecting the gesture comprises : 
wherein equalizing the received symbols comprises equalizing received symbols in each sub - channel of the 
first received symbol of the respective sub - channel to plurality of sub - channels to provide equalized sym provide equalized symbols ; bols , wherein equalizing the received symbols com transforming the equalized symbols with a Fast Fourier prises multiplying each received symbol in a respec Transform ( FFT ) to provide a narrowband signal ; and 10 

comparing a Doppler profile of the narrowband signal tive sub - channel with a ratio including a first 
received symbol of the respective sub - channel to with the plurality of gesture signatures to identify the 

gesture ; provide equalized symbols ; 
determining that a Multiple - Input Multiple - Output transforming the equalized symbols with a Fast Fourier 

( MIMO ) channel of a plurality of MIMO channels 15 Transform ( FFT ) to provide a narrowband signal ; 
maximizes Doppler energy from an entity associated and 
with the preamble gesture ; comparing a Doppler profile of the narrowband signal 

tracking the entity associated with the preamble gesture with the plurality of gesture signatures to identify the 
with the MIMO channel ; gesture , 

identifying a subsequent gesture based , at least in part , on 20 wherein the router further includes a transmitter config 
the features in additional wireless communication sig ured to transmit a control signal responsive to the 
nals from the tracked entity associated with the pre gesture ; and 
amble gesture ; and a controller coupled to a power outlet and including a 

providing a control signal responsive to identification of receiver configured to receive the control signal , 
the subsequent gesture . wherein the controller is configured to turn power on , 25 

21 . The method of claim 20 , further comprising detecting off , or combinations thereof , responsive to the control 
further features in the wireless communication signals and signal . 
determining whether the further features occurred due to an 23 . The system of claim 22 , further including a plurality 

of wireless communications devices , and wherein the router activity of the entity . 
22 . A system comprising : 20 is further configured to receive the periodic beacon signals 

a wireless communications device configured to provide from the plurality of wireless communications devices . 
periodic beacon signals using an Orthogonal Frequency 24 . The system of claim 22 , wherein the router is further 
Division Multiplexing ( OFDM ) protocol , each periodic configured to identify a preamble gesture and track a user 
beacon signal received from a plurality of sub - chan having made the preamble gesture . 
nels ; 25 . The system of claim 24 , wherein the router is further 

a router configured to receive the periodic beacon signals configured to differentiate between gestures made by the 
from the wireless communications device , wherein the user and other entities . 
router is in communication with a memory storing a ? ? ? 


